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r responsibility ofAbstract The electrical resistivity of the as-consolidated and coarse-grained bulk gadolinium (Gd)
metals was studied in the temperature range of 3–315 K. The experimental results showed that with
decrease in the grain size of Gd grains from micrometer to nanometer range, the room temperature
electrical resistivity increased from 209.7 to 333.0 mO cm, while the electrical resistivity at the low
temperature of 3 K was found to increase surprisingly from 16.5 to 126.3 mO cm. The room
temperature coefﬁcient resistivity (TCR) values were obtained as 39.2 10–3, 5.51 10–3 and
33.7 10–3 K1. The ratios of room temperature to residual resistivity [RRR¼r(300 K)/r(3 K)] are
2.64, 11.0, respectively, for the as-consolidated samples at 280 1C and 700 1C with respect to that of
the coarse-grained sample. All results indicate the remarkable inﬂuence of the nanostructure on the
electrical resistivity of Gd due to the ﬁnite size effect and large fraction of grain boundaries.
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Chinese Materials Research1. Introduction
In recent years, the nanostructured materials have attracted
considerable attention because of the nanoscale materials
showing novel electric, mechanical, magnetic, catalysis and
optical properties that are markedly different from those of
the conventional bulk counterparts due to their quantum-size
effects, small-size effects and large fraction of grain
boundaries (GBs).sting by Elsevier B.V. All rights reserved.
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copper was performed by Andrews in 1965 [1], many kinds of
materials have been investigated in this ﬁeld. However,
compared with the other metal elements Cu [1], Ni [2], Sn
[3], Zn [4], Co [5], the researches about the rare-earth bulk
nanocrystalline metals were seldom reported due to their high
activity and low resistance to oxidation [6,7]. In order to avoid
oxidation, the metallic nanostructured rare-earth materials are
prepared in inert gas free of oxygen.
In our recent research, a novel technique has been devel-
oped for preparing full dense bulk size-controllable nanocrys-
talline pure rare-earth metals [8], which enabled us to study
the remarkable inﬂuence of nanostructure on the properties of
the rare earth metals. Up to now, there are few reports on the
bulk nanocrystalline rare-earth metals over an extensive range
of temperature as well as grain size in the range of 10 nm–
1 mm. In the present work, therefore, it is the aim to
investigate the effect of nanostucture, as represented in the
bulk nanocrystalline Gd metals, on the electrical resistivity of
Gd, in the temperature range of 3–315 K.2. Experimental
The experimental details on the preparation and characteriza-
tion of the consolidated bulk of the pure rare-earth Gd metals
have been published elsewhere [9].
The initial prepared Gd nanoparticles, prepared by the
inert-gas condensation method, were consolidated by Spark
Plasma Sintering (SPS). The sintering was performed in
vacuum at a pressure of 500 MPa without heat preservation
time. The temperature was in the range 250–700 1C with a
heating rate of 50 1C min1. After sintering, the consolidated
bulk nanocrystalline metals were cooled down to room
temperature. Finally, the consolidated bulk metals with
diameter of 20 mm and thickness of 5 mm were obtained.
The microstructures of the consolidated bulk of the pure
rare-earth Gd metals were observed with transmission electron
microscopes (TEM) and select area electron diffraction
(SAED).
The temperature dependence of electronic transport proper-
ties of the consolidated bulk materials was directly studied by
the standard four-probe technique on rectangular-shapedFig. 1 (a) TEM micrograph of the as-consolidated Gdsamples in the temperature range of 3–315 K using a Physics
Property Measurement System (PPMS-9, Quantum Design).
For comparison, a coarse-grained polycrystalline Gd raw
material was also adopted to study the nanocrystalline effect.3. Results and discussion
3.1. Microstructures of bulk nanocrystalline Gd metals
The bulk nanocrystalline Gd was prepared by the sintering
consolidation of the nanoparticles which were produced from
the inert-gas condensation. The TEM image of the consoli-
dated bulk nanocrystalline Gd prepared by SPS at 700 1C is
shown in Fig. 1 with the corresponding SAED pattern, which
indicates that the Gd bulk has a nano-grain structure with a
mean grain size of about 100 nm. As reported in our previous
study [7], the grain size of the bulk by SPS at 700 1C is about
10 times larger than that at 280 1C; it is concluded that the
sintering temperature plays an important role in the SPS
consolidation of the Gd nanoparticles. The existence of
hexagonal close-packed (HCP) Gd can be conﬁrmed by the
characteristic diffraction spots from single-crystal, the index-
ing of the SAED pattern (like the indexed grain G) indicating
the characteristic lattice planes of HCP Gd.
3.2. Electrical resistivity of bulk nanocrystalline Gd metals
The temperature dependence of the resistivity of the consoli-
dated bulk samples as well as the raw Gd sample in a wide
temperature range 3–315 K is shown in Fig. 2. Regardless of
grain size, the resistivity increases with temperature in the
entire temperature range. The temperature dependence is a
non-linear relationship, showing a typical metallic behavior
with a positive temperature coefﬁcient (dr/dT40). It is also
found that the room-temperature conductivity of the nanos-
tructure metals is about 102 S/cm. The absolute values of
resistivity in the consolidated bulk metals are found to be
higher compared to the equivalent bulk coarse-grained Gd
resistivity. Namely, the resistivity of Gd decreases monotoni-
cally with increase in the grain size of the bulk metals at all
temperatures. Speciﬁcally, the room-temperature resistivity
[r(300 K)¼333.0 mO cm] of the as-consolidated at 280 1C isat 700 1C and (b) the corresponding SAED patterns.
Fig. 2 Electrical resistivity versus temperature for the Gd metals
with different grain size: (a) the as-consolidated at 280 1C, (b) the
as-consolidated at 700 1C and (c) raw material.
Table 1 The comparison of resistivity of the bulk Gd
metals with those of literatures.
Resistivity3 K
(mO cm)
Resistivity300 K
(mO cm)
As-consolidated at
280 1C
126.3 333.0
The raw material 16.5 209.7
[10] 3.5 130.2
[11] 4.4 132.2
[12] b-axis 4.9 135.1
[12] c-axis 3.2 121.5
[13] 4.4 135.3
H. Zeng et al.202 orders of magnitude higher while low temperature resistivity
[r(3 K)¼126.3 mO cm] is 10 orders of magnitude higher
compared to the corresponding bulk coarse-grained values,
respectively, for r(300 K)¼209.7 mO cm and r(3 K)¼16.5 mO
cm, which are higher than the literature corresponding values
(130.2 mO cm and 3.5 mO cm) [10], (132.2 mO cm and 4.4 mO
cm) [11], and (135.1 mO cm and 4.9 mO cm for b-axis and
121.5 mO cm and 3.2 mO cm for c-axis in single crystal) [12],
(135.3 mO cm and 4.4 mO cm) [13]. For clarity, Table 1 lists the
resistivity of the bulk Gd metals, compared with those of
literatures. It is worth to note that the measured resistivity of
the coarse-grained polycrystal differs by more than 60% at
300 K and by more than 370% at 3 K with respect to the
literature values as cited by the authors. This is probably
attributed to the purity of rare-earth Gd metals purchased and
the different measurement methods and equipments. In the
case of the as-consolidated at 700 1C, its resistivity is lower
than that of the as-consolidated at 280 1C at the low
temperature range, but gradually converges with that of the
as-consolidated at 280 1C at the high temperature range, but,
is higher than that of the coarse-grained sample in the whole
measured temperature range.
In comparison to the coarse-grained bulk metal, the high
values of resistivity of the as-consolidated nanocrystalline Gd
metals, are be interpreted by the following reasons. The bulk
nanocrystalline Gd metals can be regarded as a nanometer-sizedpolycrystal surrounded in a network of grain boundaries (GBs).
In other words, the nanocrystalline grains can be considered as a
two-phase system composed of a core phase (a nanometer-sized
polycrystal) and a surface layer (GBs), which are well and clearly
demonstrated in the TEM micrographs [9]; the core phase has
the same properties as the bulk, but the GBs have lots of defects
and are like the disordered amorphous phase state, which is very
different from that in the crystal grain. A decrease of the
crystalline size of the Gd leads to the enhancement of the GBs
volume. The GBs with large amounts of defects will block the
carrier transition, which will result in an increase of the
resistivity. The thicker the grain boundary, the more the atoms
in material that are in a state of disorder. Thus, it is probable
that nano-grained material of Gd with amorphous-like micro-
structure has a higher electrical resistivity due to the high ratio of
the GBs volume and the disorder Gd increase. A similar
phenomenon with the results of resistivity, related to the ﬁnite
size effect, has been found in previous studies for the nanocrys-
talline metals (Ni [14], Pt [15,16], Au [17], and Pd, Cu, Fe [17]),
also widely observed in other nanocrystalline alloy systems
[18–21].
It is worth to note that the absolute values of the resistivity
of the nano-bulk metals are rather large, but, the ratio of
room temperature to residual resistivity [RRR¼r(300 K)/
r(3 K)] is relatively weaker (the RRR values are 2.64, 11.0,
respectively, for the as-consolidated at 280 1C and 700 1C
samples) with respect to that (12.7) of the coarse-grained
sample and the value (29.5) calculated from the normal state
of Gd samples (31.4 for a-axis and 46.8 for c-axis in single
crystal) [12], both these features being characteristic of
scattering in structurally disordered solid.
The corresponding temperature coefﬁcient TCR is calcu-
lated to measure the steepness of the r–T plots, deﬁned as
TCR¼ ½ðr2r1Þ=r1ðT2T1Þ ð1Þ
where r2 and r1 are the values of electrical resistance or
speciﬁc electrical resistivity at temperatures T2 and T1,
respectively; usually T2 is set as room-temperature 300 K
and T1¼3 K in the present work. Combining the values of
Fig. 1 with Eq. (1) calculation, the corresponding TCR values
at room-temperature are obtained as 39.2 103, 5.51 103
and 33.7 103 K1, respectively, for the raw material, as-
consolidated at 280 1C and the as-consolidated at 700 1C. The
temperature coefﬁcient of resistivity (TCR) shows a decreasing
tendency with a reduction of grain size in the nanocrystalline
samples, which are consistent with the phenomena of other
nanocrystalline metals. However, these temperature coefﬁ-
cients are signiﬁcantly smaller than that for bulk Gd in the
literature (TCRbulk¼121 103 K1) [10]. The behavior of
resistivity with temperature is explained through the grain
boundary scattering effects. Therefore, the reduction of grain
size and considerable GBs in the Gd materials result in the
increase in resistivity and the decrease in TCR.
The electrical resistivity is also very sensitive to lattice
imperfections in solids, such as vacancies and dislocations.
Besides the crystallite boundaries, the presence of a large
amount of other types of lattice imperfections has also been
found to have an effect on the electrical resistivity in
nanocrystalline materials. However, in the present study, the
lattice imperfections such as vacancies and dislocations are not
observed. Therefore, the change in electrical resistivity of Gd
metals is greatly related to microstructure variations.
Table 2 The residual resistivity at 3 K and the interfacial volume fraction with the average grain size for the bulk Gd metals.
As-consolidated at 280 1C As-consolidated at 700 1C Raw material
The average grain size 15 nm 100 nm 1 mm
The residual resistivity (mO cm) 126.3 29.7 16.5
The interfacial volume fraction (%) 40 6 0.6
Fig. 3 Variation of the residual resistivity and the interfacial
volume fraction with the average grain size for the bulk Gd
metals.
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volume fraction of interfaces in the Gd metals can be
estimated according to the formula
FGB ¼ 3d=d ½18 ð2Þ
where F is the volume fraction of interfaces, GB is the grain
boundary, d is the average interface thickness (here, a ﬁxed
average interface thickness is set as 2 nm) and d is the average
grain diameter. Thus, the volume fraction of interfaces in the
bulk Gd materials is calculated to be 40%, 6% and 0.6% for
grains in the size of 15 nm, 100 nm and 1 mm, respectively.
This difference is a consequence of the different microstruc-
tures and the grain sizes between the nanocrystalline and
coarse-grained Gd metals. Table 2 summarizes the residual
resistivity and the interfacial volume fraction with the average
grain size for the bulk Gd materials.
Fig. 3 shows the residual resistivity of the bulk Gd metals
with the grain size at 3 K variation. It can be obviously
observed from Fig. 3 that the residual resistivity at 3 K
increases with decreasing grain size. According to the electron
scattering theory, the electrical conductivity is supposed to be
approximately proportional to the grain size [17]. As the
volume fraction of the interface in the nanocrystalline materi-
als is roughly inversely proportional to the grain size, the
dependence of residual resistivity on grain size is correlated
with that of the interfacial volume fraction, as indicated in
Fig. 3. The granular microstructure and the nature of contacts
between the grains strongly inﬂuenced the residual resistivity.
Subsequently, the electron scattering becomes stronger in
the as-consolidated bulk at 280 1C, in comparison to the other
two samples. This also proves that a very high resistivity of
nanocrystalline metal reﬂects the intense electron scattering on
grain boundaries when the grain sizes decrease to nanometer.
Therefore, the high value of resistivity and related phenomena
for the consolidated bulk Gd metals are attributed to thenanocrystalline nature, disordered grain boundaries and small
grain size effect.4. Conclusions
The relationship between the electrical resistivity and the
microstructures of the as-consolidated nanocrystalline and
coarse-grained bulk Gd metals has been studied.
With the decrease of Gd grains from micrometer to
nanometer range, the room temperature electrical resistivity
increases from 209.68 to 333.04 mO cm, while the low tem-
perature electrical resistivity is found to increase surprisingly
from 16.51 to 126.30 mO cm. However, the temperature
dependence is a non-linear relationship, showing a typical
metallic behavior with a positive temperature coefﬁcient (dr/
dT40). Meanwhile, the room temperature TCR values
decrease from 39.2 103 to 5.51 103 K1, while the ratio
of room temperature to residual resistivity [RRR¼r(300 K)/
r(3 K)] decreases from 12.7 to 2.64. All results could be
ascribed to the nanocrystalline nature, disordered grain
boundaries and small grain size effect, indicating the remark-
able inﬂuence of the nanostructure on the electrical resistivity
of Gd metals.
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